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CHEMICAL SAMPLING DOWNSTREAM OF LEAN, FIAT HYDROGEN AND PROPANE FILAMES

By Burton D. Fine

SUMMARY

Decay profiles were obtained for carbon monoxide and for hydrogen
downstream of lean, flat propane-air, propane-oxygen-argon, hydrogen-
air, and hydrogen-oxygen-argon flames. Both carbon monoxide and hydrogen
were present in large excess of equilibrium amounts. Sampling was done
by uncooled quartz orifice probes and analysis by gas chromatography.
Consideration of effects of diffusion and of chemical reactions within
the probe showed that decay profiles could be converted to time rates of
decay in the burned gas. However, because of the complicated shape of
the decay profiles, results could be considered only qualitative. For
both carbon monoxide and hydrogen, the decay rate inereased with pressure,
temperature, and oxygen concentration. For both hydrogen and carbon
monoxide, lower decay rates were found with argon as a diluent than with
nitrogen.

The fact that the hydrogen decay rate downstream of hydrogen-air
flames was larger than that downstream of propane flames suggested that
the primary decay reaction in both cases involved hydrogen and that the
decay of carbon monoxide occurred through the water-gas eqﬁilibrium.
Some evidence was found, however, for contending that the primary decay
process downstream of propane flames involved carbon monoxide instead.

INTRODUCTION

Within the last few years, several independent groups of studies
have been reported which involve the sampling of the zone immediately
downstream of burner flames. The fact that quantities of combustion
intermediates were found in large excess of equilibrium amounts suggested
that composition profiles for the decay of these intermediates to equi-
librium concentrations could be interpreted so as to yleld reaction rates
for chemlcal processes at flame temperatures (refs. 1 to 4). In these
studies, probing was done by actual sample withdrawal through quartz
orifice probes. In the work of references 1 to 3 the burned gas samples
were analyzed primarily for carbon monoxide; however, in that of refer-
ence 4 complete analyses were obtained of the burned gases from rich
hydrogen-oxygen-carbon-dioxide flames.



In the work of references 1 and 2, attempts were made to obtain
decay profiles for hydrogen downstream of lean hydrocarbon-air flames
analogous to those obtained for carbon monoxide; these attempts were not
successful. It has recently been pointed out that such profiles, even
if they could be obtained, might be rather difficult to interpret without
additional information (ref. 5). This is because the concentration of
OH in the burned gas would be expected to greatly exceed the concentration
of Hp. Thus, the analysis of a quenched sample might show large quanti-
ties of Ho produced mainly by the recomblnation of OH in the probe to
give Hp and 0o. Such a recombination mechanism has been proposed in
reference 6 as one alternative explanation of the stable products formed
from the quenching of a water vapor discharge.

In the present study decay profiles have actually been obtained for
hydrogen downstream of lean hydrogen-oxygen and propane-oxygen flames
with nitrogen and argon as diluents. The effects of pressure, flame
temperature, and oXygen concentration were examined. It was hoped that
the behavior of such profiles over a wilde range of experimental condi-
tions would give some information regarding the extent to which the pro-
files themselves represented the decay of hydrogen in the burned gas.

As a check on the reliability of the sempling method, several pro-
files were obtalined for carbon monoxide decay downstream of propane
flames under experimental conditions approximating those of reference 2.
The effect of pressure on carbon monoxide decay was then examined, and
results for carbon monoxide were compared with those for hydrogen.

As in references 1 to 4, samples were withdrawn through uncooled
quartz orifice probes. Chemical analysis was done by gas chromatography,
which gave particularly sensitive and reproducible results for hydrogen.
Flames were stabilized on cooled porous burners; this allowed a direct
comparison with results of reference 2.

SYMBOLS
9 diffusion coefficient, cm?/sec
P pressure, cm Hg
T  temperature of downstream zone, %K
t  time, sec
v  velocity of burned gas, cm/sec

X distance from burner, cm

x mole fraction
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EXPERTMENTAL PROCEDURE

The hydrogen, argon, and oxygen used were obtained in tanks from
stock. The propane used was of a chemically pure grade. Laboratory
service alr was used as combustion sir. All materials were used without
further puriflcation. The various constituents of the initial mixture
were metered separately through calibrated eritical-flow orifices and
then mixed in flow.

Measurements were made above two burners of similar design but dif-
ferent size. The smaller burner had a circular plate of sintered copper
shot 2 inches in diameter and l/ 4 inch thick which was sintered to a
copper Jacket. A cooling coil of 3/16-inch-outside-diameter copper
tubing was likewlse sintered into the base of the plate. A sketch of
this burner is shown in figure 1. The top surface of the burner plate
was machined and then etched with dilute nitric scid to obtain maximum
smoothness. The other burner had & sintered plate 4 inches in diasmeter
and 5/ 16 inch thick. On both burners the flames produced were smooth
and flat in appearance and hot-wire anemometer traverses showed no large
velocity irregularity in cold flow. With such a burner, the temperature
of the flame could be controlled by controlling the stream velocity ahead
of the burning mixture (ref. 7).

Determination of Temperature and Pressure

Wherever possible, equivalence ratios and burning velocities were
chosen so that temperatures determined in the work of reference 8 by
measurement with coated thermocouples could be applied. On both burners,
these temperatures were checked by measuring the quantity of heat ab-
stracted from the flame by water flowing through the cooling coil. An
equilibrium fleme temperature could then be calculated based on the
quantity of heat removed. It was assumed that this temperature could be
taken to represent the temperature of the burned gas immediately down-
stream of the flame. The two sets of temperatures were generally in
reasonable agreement, seldom differing by more than about 40° K. The
few cases where a large discrepancy was found are discussed in a later
section. No flame temperatures are reported for propane-oxygen-argon
flames in reference 8. Therefore only temperatures based on heat ab-
straction could be obtained for such flames.

The burners were set in the base of a low-pressure combustion
chamber connected to & plenum chamber and vacuum pump. The pressure in
the combustion chamber was controlled by balancing the pumping with a
variable air bleed. It could be controlled to +3 millimeters of mercury
and, once set, showed no tendency to drift or fluetuate.




Sampling and Analysis

Gas samples were withdrawn through uncooled quartz probes of 3-
millimeter inside diameter; these were drawn down, as sharply as possible,
to an orifice tip about 25 microns in diameter. The orifice size was
adjusted, with change in chamber pressure, to provide a roughly constant
sampling rate. For a particular flame at constant pressure, a moderate
change in orifice size or shape did not change the slope of the decay
profile. Occasionally, however, on meking duplicate runs, some change
occurred in the level of carbon monoxide or hydrogen found. An effect
of this kind is reported in reference 2. It 1is possible that this 4dif-
ference can be attributed to a systematic error of a few tenths of a
millimeter in recording the position of the probe relative to the burner.

As shown in figure 1, the probe was connected to a brass tube which
was led out the bottom of the combustion chamber. A flexible connection
led from the base of the tube to a vacuum line where gas samples were
collected. The tube was supported on an outer hollow shaft whose height
could be adjusted by a micrometer screw. By this arrangement, the probe
was free to move through an arcj thus, its position relative to the
center of the burner could not be rigidly fixed. However, during the
course of a proflle determination, the probe was held approximately over
the center as the height above the burner plate was changed. The height
of the probe tip was measured with reference to the burner rim by a
cathetometer which could be read to 0.05 millimeter. Because of parallax,
irregularities in the probe tip, and the obscuring effect of radiation
from the probe tip, the position of the orifice may have been uncertain
to 0.2 millimeter. No samples were withdrawn from the luminous portion
of the flame, and, in interpreting results, no attempt was made to
account for the change in the height of the flame above the burner plate
with change in burning velocity, pressure, and equivalence ratio.

The gas samples were collected in 300-milliliter sampling bottles
which were immediately pressurized to 1 atmosphere for analysis. The
final pressure in the sampling line was always less than l/lO the pres-
sure in the combustion chamber so that critical flow across the probe
orifice was maintained. Analyses were performed on a Perkin-Elmer Vapor
Fractomer, model 154B.

Separation columns and carrier gases were chosen with regard for
the particular components sought. For carbon monoxide determination,
helium was the carrierj for hydrogen determination argon was used as the
carrier. Thus, for propane-air and hydrogen-air flemes, samples were
analyzed for oxygen and nitrogen, in addition to carbon monoxide or
hydrogen. Since no analyses were obtained for water or carbon dioxide,
concentrations in the burned gas were expressed relative to the concen-
tration of nitrogen. To a falr approximation, the mole fraction of
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nitrogen is the same in the burned and unburned gases. Thus, the meas-
urement of [CO]/[Nz] or [Hz]/[N2] allows estimation of [CO]/[CzHg] or
[H,]/[CzHg] across the flame.

In analyzing for hydrogen downstream of flames with argon as the
diluent, no argon pesk was obtained; therefore concentrations could not
be expressed relative to argon. However, a rough estimate of the compo-
sition could be obtained based on the oxygen peak. The use of nitrogen
as the carrier would have given an argon peak; however, with the nitrogen
carrier, separation of oxygen and argon could not be obtained.

In some cases relative concentrations were found by direct measure-
ment of peak areas. Area ratios obtained were converted to concentration
ratios by factors, obtained experimentally, relating concentrations and
peak areas. If peaks were reasonably sharp, however, greater accuracy
was obtalned with a great saving of time by comparing peak helghts with
those for known mixtures.

TREATMENT OF DATA

The treatment of results rested on the assumption that decay profiles
represented the decay of carbon monoxide and hydrogen in the burned gas
through the effects of chemical reaction and of diffusion in the down-
stream direction. It was found in references 1 to 3 that 4 log [CO]/dX,
where X 1s dlstance downstream, was constant for a single flamej the
fact that it was constant showed that the rate of disappearance of carbon
monoxide through chemical reactlon was first-order with respect to carbon
monoxide. For purposes of comparison, the data presented here are
plotted as log [CO] or 1log [Hp] against distance. If the total flux
of carbon monoxide or hydrogen can be expressed as the sum of fluxes due
to chemical reaction and diffusion in the direction of flow, then the
equation of reference 3 applies

dlnL]=_dlnL](v_dln[])9 (1)
at aX dx

where [ ] represents the concentration of any species in the burned gas.
The value of the diffusion coefficient £ in equation (l) was calculated
as the diffusion coefficlent of the specles in brackets into nitrogen at
flame temperature and was assumed to vary as T573. It is seen from
equation (1) that, in any region where v and 2 are constant, the
fact that d log []/dX is constent is sufficient to imply that the
reaction is first-order with respect to the species in the brackets.



RESULTS AND DISCUSSION
General Considerations

Experimental results are summarized in teble I for the 2- snd 4-
inch burners. Entries include description of the unburned mixture,
flame temperature, chamber pressure, and all pertinent results obtained
from analysis of semples. Most of the decay profiles obtained are shown
in the figures. From inspection of the table and figures, several gen-
eral features of the results can be seen. These are discussed in the
following sections.

Oxygen concentration in the burned gas. - Measured values of
xoz/xN2 in the burned ges are in satisfactory agreement with approximate

calculated values based on the composition of the initisl mixture. Cal-
culated values can only be approximate for several reasons. First,
esgsentially nothing is known beforehand regarding concentrations of
stable and unstable intermediates in the burned gas except that they are
probably all in excess of equilibrium. Consequently, even 1f the con-
centrations of stable intermediates such as carbon monoxide and hydrogen
are known, the burned gas composition is not sufficlently well defined
to glve an accurate value for xoz/xNz. Second, even if specifying the

concentration of carbon monoxide and hydrogen in the burned gas did give
an adequate representation of 1ts composition, the existence of fairly

sharp decay profiles for these specles means that the oxygen concentra-
tion in the burned gas also changes with distance downstream. Thus, for
the propane-air flames discussed in this report, the values of xoz/xNz,

based on measured values of carbon monoxlde and hydrogen concentrations,
can vary by about 10 percent with distance, so that single values listed
in the table only represent fairly rough average values. The hydrogen
flames studied were considerably leaner, giving a much larger excess of
oxygen in the burned gas. For such flames the relative spread would be
much less.

The fact that the carbon monoxide and hydrogen concentrations de-
erease with increasing downstream distance lmplies a corresponding de-
crease in oxygen concentration and a profile which should be readily
detectable, at least for the propane-air flames studied. In practice,
such profiles were not generally found. This could have represented
the influence of small undetected air leaks or the fact that the oxygen
concentration in the burned gas varied slightly across the downstream
zone either because of inward diffusion of oxygen or slight irregulari-
ties in the flame.

In working with the 2-inch burner, it was found that, as pressure,
burning velocity, and calculated values of xoz/xN2 in the burned gas
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were decreased below certain critical limits, the observed values of
XOZ/XNZ inereased far beyond calculated values. In particular, for

Propane-air flames at an initial equivalence ratio greater than 0.80 and
burning veloclities of about 15 to 20 centimeters per second, no satis-
factory profiles could be obtained below atmospheric pressure, whereas
for hydrogen-air flames at an initial equivalence ratio of 0.75 and a
burning velocity of 30 centimeters per second, satisfactory concentra-
tions of oxXygen in the burned gas were found at pressures as low as 1/4
atmosphere. However, for burning velocities near 13 centimeters per
second decay profiles for hydrogen-air flames at an equlvalence ratio of
0.75 at a pressure of 31 centimeters of mercury showed a large excess of
oxygen in the burned gas. With the 4-inch burner, however, the range of
conditions giving satisfactory observed values of xoz/xH2 was greatly

extended. Such behavior strongly suggested that under favorsble circum-
stances secondary air was diffusing into the downstream zone in a direc-
tion perpendicular to the direction of flow. The fact that the atmos-
phere around the burner was not controlled made it reasonsble to assume
that the gas diffusing in had spproximately the composition of air.

Since the region of analysis is well within the potential core of
the jet, such diffusion would be wholly unexpected. However, several
observations tended to conflirm that it was teking place. First, when a
low stream of helium was directed below and away from the flame, analysis
of the burned gas at a point a few millimeters above the center of the
flame showed that about 3 percent helium was present.

Jecond, analysis downstream of flames in which argon was used as
the diluent always showed from 2 to 6 percent nitrogen present in the
burned gas, depending on the initial conditions. Even within a single
profile, the concentration of nitrogen found was not constant, but flue-
tuated. This behavior suggested, of course, that alr was leaking into
the sample during either sampling or analysis, in spite of precautions
taken. As an experimental check on the effect of such leaskage, oxygen
was run through the burner Immediately before and following a profile
determination; the effluent gas was analyzed for nitrogen. With the
4-inch burner, the concentration of nitrogen found varied from sbout 1
to 3 percent. The fact that some nitrogen was found means that some
leakage might have occurred. However, the amount of nitrogen found
downstream of a flame was always greater than amounts found in appropriate
blank runs. These are certaln indications that some inward diffusion was
taking place, driven by the temperature and density gradients produced by
the flame and, perhaps, by the velocity gradient caused by the jet
itself.

Since any appreciable diffusion of secondary air would cause lower-
ing of the temperature of the downstream zone, runs for which much dif-
fusion was found to have occurred were not considered further.




General appearance of decay profiles. - It can be seen from inspec-
tion of the figures that, in general, the decay profiles are not linear.
If one chooses, they may be conveniently thought of as consisting of two
parts. The part farther out from the flame is less steep and reasonably
representable by a straight line on a semilogarithmic plot. In reference
2, all sampling was apparently done in this second region. The part
closer to the flame zone is much steeper and shows definite curvature.

If the length of the curved part increases with decreasing pressure, as
do many distances associated with flames, it is quite concelvable that
the data of references 1 and 3, which were obtained at very low pressures
in the neighborhood of 4 centimeters of mercury, represent the inner,
steep portion of the decay profile and are not, therefore, comparable
with profiles reported for the outer portion at much higher pressures.

The fact that decay profiles show curvature when plotted semilog-
arithmically against distance downstream is noted in reference 5 on the
basis of optieal probing. The fact that similar curvature has been found
from sample withdrawal measurements is some 1ndication that there is a
degree of equivalence between the two methods of probing. On the other
hand, it is apparent that if semilogarithmic decay profiles are assumed
to have constant slopes, such slopes wlll be, at best, indirectly re-
lated to the kineties of reactions taking place in the burned gas. For
purposes of comparison with data of reference 2 and to provide some
basis for correlating present data, it will be assumed that the less
steep portion of the profile is linear and that 1ts slope can be used
in equation (1) to obtain a decay rate.

Results for Propane-Air Flames

Results for carbon monoxide decay at atmospheric pressure. - Results
at atmospheric pressure are summarized in entries 1 to 3 and 14 and 15
of table I. Comparison of entries 14 and 15 shows the general reproduci-
bility of decay slopes for a given burner. Comparison of entries 1 to 3
with 14 and 15 shows the apparent effect of burner diameter. By inter-
polating results with respect to flame temperature and correcting for
the small difference in oXygen concentration on the basis that the decay
rate is proportional to the oxygen concentration at constant flame tem-
perature (ref. 2), it is seen that the apparent change in decay rate is
about 10 percent, which is not significant. Two decay curves, those
corresponding to entries 1 and 2, are shown in figure 2. The data for
entry 3 showed considerable scatter and the curve overlapped the curve
for entry 2. Consequently, it is not shown in the figure.

The decay rates presently obtained compare well with those reported
in reference 2, as does the increase with flame temperature. Also, at
constant pressure, the rate Increases significantly with oxygen concen-
tration in the burned gas (entries 18 and 19); that is also reported in
reference 2.

¢25-4
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Results for carbon monoxide decay at reduced pressure. - Figure 3
shows decay profiles for carbon monoxide at four pressures between 1
atmosphere and 19 centimeters of mercury obtained on the 4-inch burmer.
As pressure was reduced, the burning velocity was held constant. It was
assumed that, 1f burning velocity were held constent, flame temperature
would not change significantly with change in pressure. It was found
experimentally that the quantity of heat removed per mole of mixture did
not change with change in pressure; flame temperatures calculated on this
basis changed by only about 2° K for a tenfold change in pressure. How-
ever, results presented in table I of reference 9, based on thermocouple
measurements, would seem to indiecate that flame temperature does change
with pressure at constant burning velocity, at least for lean hydrogen-
alr flames, and that the magnitude of the change depends on equivalence
ratio. Thus for equivalence ratios above about 0.75 the change may be
within the error of measurement. At lower equivalence ratios the change
amounts to about 100° K for a change in pressure by a factor of 2. Al-
though most of the measurements presently reported with change in pres-
sure involve equivalence ratios of 0.75 or greater, there is the possi-
bility of an experimental contradiction between present results and those
of reference 9. This possibility should be borne in mind in evaluating
the significance of the observed pressure dependence.

The results, given in table I(b}, show that the slope of the decay
profile decreases with decreasing pressure. A cross plot of the decay
rate against pressure, given in figure 4, shows that the rate increases
with about the square root of the pressure, provided that the temperature
remains nearly constant. If one applies the findings of reference 9 to
propane-air flames, one might expect a change of at most 40° K over the
pressure range shown in figure 6. This would have the effect of reducing
the slope by about 15 percent.

Results for hydrogen decay downstream of propane-alr flames. -
Quantities of hydrogen in large excess of equilibrium were found down-
stream of lean propane-alr flames. The concentration decayed so as to
yield reasonably smooth profiles qualitatively similar to those obtained
for carbon monoxide. Comparison of entries 4, 5, and 20 shows, once
again, that there is no significant effect of burner dismeter on the
decay rate.

The effect of reduced pressure is shown in figure 5, and a cross
Plot of the decay rate against pressure 1s given in figure 4. It is seen
that the change in the decay rate with pressure is similar to that found
for carbon monoxide, increasing as the pressure to an exponent somewhat
less than 1/2. Once again, one would expect that the change in flame
temperature at constant burning velocity over the pressure range covered
would be sufficiently small that correction of decay rates to constant
temperature would not significantly change the pressure slope.
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The effect of temperature on the slopes of decay profiles is given
in entries 4 to 6 of table I and in figure 6. The number of data points
is few and the uncertainty in the rate is certainly no less than +10 per-
cent. Nevertheless, it appears that the hydrogen decay rate increases
with temperature to about the same extent as that for carbon monoxilde.
The effect of oxygen concentration in the burned gas, given in entries 6
and 7, is also similar to that found for carbon monoxide decay.

In figure 6 it 1s seen that the curve for 1915° K lies generally
above that for 1790° K. However, at about 2 millimeters from the burner
plate, the two curves cross, so that at small distances downstream the
apparent level of hydrogen concentration is lower at the higher tempera-
ture. The simplest explanation for this behavior would be that, some-
where near 1900° K, the efficiency of the probe for quenching the hydro-
gen oxidation fails somewhat. As mentioned previously, a similar effect
was found for carbon monoxide. It is possible, however, that the appar-
ent crossing represents a consistent analytical error in one of the decay
curves.

AL

The generally reasonable sampling results for hydrogen suggest that
recombination of OH in the probe occurs, in an overall fashion, as

40H - 2H0 + Ogp

so that the concentration of hydrogen in the burned gas is not directly
affected by reactions occurring in the probe.

Concentrations of carbon monoxide and hydrogen in the burned gas. -
Calculation of equilibrium concentrations in the burned gas, by the
method of reference 10, indicates that the ratio [CO)/[{Hg] in the burned
gas should increase with temperature from about 2.6 at 1730° K to 3.4 at
1970° K and be virtually independent of pressure. In the cases where
[CO)/[Ho] in the burned gas could be directly or nearly directly measured,
the values ranged from 2.5 to 3.9 generally, though not consistently,
increasing with temperature and pressure. Although the slopes of the
carbon meonoxide and hydrogen profiles are not too different, they are
not identical either, so that [CO]/[Hp] varies slightly with distance.
Variation within a single run can be attributed to the effects of diffu-
sion. The variation of the ratio among several runs can be attributed
either to systematic progressive failure of the probe to quench the
reaction of hydrogen relative to that of carbon monoxide with increasing
pressure or to the observed random occasional inability to reproduce
levels of concentration among several runs. The results tend to suggest,
however, that the analysis of samples withdrawn from the flame does glve,
at least roughly, the composition in the burned gas, but that either the
decay profiles are slightly affected by probe reactions or that equilib- J
rium between carbon monoxide and hydrogen (i.e., a constant value of
[CO)/[Hs] in the burned gas at constant temperature and pressure) is not

exactly maintained.
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Results for Propane-Oxygen-Argon Flames

Experimental results for the decay of hydrogen downstream of lean
propane-~oxygen-argon flames are shown in entries 10 to 13 and 23 to
25 of table I. Two decay profiles are shown in figure 7. A single decay
brofile for carbon monoxide 1is shown in figure 8 and the decay rate is
given in entry 13(a). Comparison of entries 10 and 23 shows, once again,
that there is no significant effect of burner diameter on the slope of
the decay profile. It appears, however, that the use of argon as the
diluent depresses the decay rate, at constant temperature, pressure, and

‘oxygen concentration, by about a factor of 2 for both hydrogen and carbon

monoxide. Since argon is known to be less efficient than nitrogen as a
third body in recombination reactions (ref. 11), these results give some
indication that the decay involves recombination.

The effect of flame temperature is smallj in general, the decay rate
increases with flame temperature in agreement with results for propane-
alr flames.

If one considers qualitatively the combined effects of temperature,
pressure, oxygen concentratlon, and diluent on the decay raté, it seems
reasonable to suggest that the primary reaction leading to the decay of
hydrogen and carbon monoxide occurs either between molecular hydrogen and
oxygen atoms or carbon monoxide and oxygen atoms. The increase in rstes
with increasing oxygen concentration would be explained by assuming a
steady state between molecular oxygen and oxXygen atams. Since molecular
oxygen 1s usually in large excess, the concentration of atoms would not
vary much with distance at constant temperature. The increase in rate
with temperature would occur, then, because the degree of dissociation
of oxygen increases wilith temperature. The decrease in decay rate with
decreasing pressure is smaller in magnitude than would be expected for a
reactlion involving triple collisions. However, this could come about
because a decrease In oxygen atom concentration with decreasing density
would be opposed by an increase in concentrastion due to an inecrease in
dissoclation.

More quantitative consideration, however, shows several discrepan-
cies. In the first place, the decay rates appear to increase with the
oxygen concentration to a power equal to or somewhat greater than 1.
Recombination based on equilibrium between molecular oxygen and oxygen
atoms would lead to an inerease with the square root of the oxygen con-
centration. Second, the increase with temperature is much less than the
calculated increase in oxygen atom concentration with temperature. This
cannot be wholly accounted for from consideration of the fact that the
smount by which the oxygen atom concentration exceeds equilibrium de-
creases somewhat with increasing temperature. Finally, even considering
the effect of pressure on the degree of dissoclation, the pressure effect
on the decay rate is still too small. Thus, while the effeet of a
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diluent suggests a recombination reaction, present results from propane-
air flames do not give much further information on what reactions are
involved. -

Reference 5 proposes that carbon monoxide decay from lean propane-
alr flames occurs by recombination with oxygen atoms. Present results
obtained downstream of propane-air flames are not wholly inconsistent
with the proposal. However, these results could be equally well explained
on the basis that the primary reaction involves hydrogen rather than
carbon monoxide. In that case, one would expect the hydrogen decay rate
in the absence of carbon monoxide to be larger than in burned gas con-
taining carbon monoxide. A few measurements of that kind are described
in the next section.

ARl

Results for Hydrogen Flames

A few decay profiles are shown (figs. 9 and 10) for the decay of
hydrogen downstream of lean hydrogen-air and hydrogen-oxygen-argon flames
with change in flame temperature. The concentration of hydrogen found
increases with flame temperature, which indicates at least partial quench-
ing efficlency on the part of the probe. The decay rates (table I(a))
increase with temperature in a fashion similar to hydrogen decay rates
downstream of propane flames.

The flame temperatures calculated for hydrogen-oxygen-argon flames
from heat abstraction were asbout 120° K lower than those obtained from
the data of reference 8 at 1 atmosphere. However, the decay profiles
were obtained at reduced pressure and at a low equivalence ratio, within
the range of equivalence ratios at which the temperatures measured in
reference 9 with thermocouples showed a decrease with decreasing pressure.

A series of data had been obtained for hydrogen-air flames which
showed that between pressures of 1 and 0.25 atmosphere the decay rate
was roughly proportional to the pressure at constant oxygen mole fraction
and proportional to oxygen concentration at constant pressure. These
data involved only the inner, steep portion of the profile, so that the
calculated decay rates are not comparable with other data presented here.
The sign and order of magnitude of the pressure and oxygen dependence
are probably correct, however. Having some idea of these effects, one
can compare decay rates for hydrogen obtained downstream of hydrogen and
propane flames. It seems falirly certaln that spparent decay rates down-
stream of hydrogen-air flames are significantly larger than for propane
flames. This suggests rather strongly that the primary process downstream
of propane flames involves hydrogen rather than carbon monoxide. The
presence of carbon monoxide in the burned gas would serve to replenish
the hydrogen, through the water-gas equilibrium, and thus decrease the
apparent hydrogen decay rate. If this were the case, one would expect
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the decay rate downstream of hydrogen-air flames to exceed the decay rate
Co}] +[H
downstream of hydrocarbon flames by a factor of L——%EETL—gl (all concen-~

trations being those found downstream of a hydrocarbon flame), that is,
by a factor of about 4. Comparison of entries 9, 16, and 17 shows that
this is approximately true.

It should be noted, however, that substitution of argon as a diluent
for nitrogen appears not to have an effect on the decay rate, in con-
trast with the behavior for propane flames. Because of the leanness of
the initial mixture and the consequent uncertainty of the flame tempera-
ture, an accurate comparison is not possible. In the event that the
effect should be real, it could serve as evidence that the primary reac-
tion downstream of hydrocarbon flames does involve carbon monoxide rather
than hydrogen and that the mechanism of hydrogen decay is different down-
stream of hydrogen and hydrocarbon flames.

SUMMARY OF RESULTS

Chemical sampling studies downstream of lean propane and hydrogen
flames ylelded the following results:

1l. For both carbon monoxlde and hydrogen, plots of log concentra-
tion against distance from the burner plate were not generally linear.
Such plots usually showed a steep curved region close to the flame and
a flatter linear portion farther downstream.

2. On the assumption that the linear portions of the decay profiles
were related to the decay rate, the following behavior was observed for
carbon monoxide and hydrogen downstream of lean propane flames.

(a) The decay rate increased with flame temperature.

(b) The decay rate increased approximately as the square root
of the pressure.

(¢) The decay rate was roughly proportional to oxygen concen-
tration in the burned gas.

(d) The relative concentrations of carbon monoxide and hydro-
gen found indicate that the water-gas equllibrium was maintained.

3. Results generally suggested that the primary decay reaction
downstream of propane flames was a recombination reaction involving
hydrogen. Some evidence was found, however, which indicated that the
primary reaction involved carbon monoxide instead.

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, September 15, 1959
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E-523

TABLE I. - SUMMARY OF DATA
Entry| Fuel}Species|Diluent|Equiva-| Burning | Temperature,| Pressure, xg Semi-| Decay
number lence |velocity, T, P, __E, log |rate,
ratio | cm/sec Ok cm Hg XN, |slope,|gee-1
(bazen o0 el
ments of
ref. 8)
(a) 2-Inch burner
1 CzHg co No 0.835 16.0 1855 74 0.045| 2.869 304
2 20.2 1915 74 0.045| 2.65 376
3 25.0 1970 74 0.045] 2.30 | 405
4 HE Ny 0.835 25.0 1970 74 0.045} 1.54 296
5 20.2 1915 74 0.045| 1.84 | 299
6 i2.0 1790 74 0.045| 1.98 206
7 0.70 12.3 1725 74 0.08 4.01 600
8 Ho Ho No 0.70 30.0 1670 31 0.08 2.41 575
9 56.0 1850 31 0.08 1.88 800
10 CzHg Ho A 0.835 10.0 81805 74 0.045} 1.57 143
11 14.0 81870 74 0.045| 1.31 150
lla 20.0 82080 74 0.045| 1.27 | 216
12 Ho Ho A 0.600 20.0 1670 31 0.11 3.74 877
13 30.0 1785 31 0.11 3.71 | 1050
13a C3H8 co A 0.835 14.0 81870 74 0.045] 1.89 181
(b) 4-Inch burner
14 CzHg co No 0.865 16.0 1870 74 0.04 2.37 262
15 2.10 230
16 38 0.04 1.25 139
17 27 0.04 1.18 136
18 19 0.04 0.95 112
19 0.800 17.1 1830 19 0.06 1.55 212
20 Ho N» 0.865 16.0 1870 74 0.04 2.08 280
21 45 0.04 1.79 264
22 27 0.04 1.17 180
23 A 0.835 10.0 81805 74 0.045| 1.46 133

8Based on heat abstraction.

15
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Figure 5. - Decay of hydrogen from propane-air flame.
1870° K; 4-inch burner.

Equivalence ratio, 0.86; temperature,

CoC=T
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x 8} Independent runs
N
N\
\ o N\
\ ™
o]
o S
\ D\\D °

\ Burnin

\ cm/sec

g velocity,

30

Hydrogen concentration (arbitrary units)

b About 0.05 ~N
percent H, \
\\\
\<O
E 2
.1 .2 .3 4 .5 .6 T .8

Distance from plate, cm

Filgure 10. - Hydrogen decay downstream of hydrogen-oxygen-argon flame.
Equivalence ratio, 0.600; pressure, 31 centimeters of mercury; 2-inch

burner.

NASA - Langley Field, va. B=-D523



